Equilibrium sediment transport in lower Yellow River during later sediment-retaining period of Xiaolangdi Reservoir  by Guo, Shao-lei et al.
HOSTED BY Available online at www.sciencedirect.comScienceDirect
Water Science and Engineering 2015, 8(1): 78e84
http://www.waterjournal.cnEquilibrium sediment transport in lower Yellow River during later
sediment-retaining period of Xiaolangdi Reservoir
Shao-lei Guo a,*, Dong-po Sun a, En-hui Jiang b, Peng Li c
a College of Water Conservancy, North China University of Water Resources and Electric Power, Zhengzhou 450011, PR China
b Yellow River Institute of Hydraulic Research, Zhengzhou 450003, PR China
c Yellow River Henan Bureau, Yellow River Conservancy Commission, Zhengzhou 450000, PR China
Received 27 October 2013; accepted 19 November 2014
Available online 29 January 2015AbstractThe Xiaolangdi Reservoir has entered the later sediment-retaining period, and new sediment transport phenomena and channel re-estab-
lishing behaviors are appearing. A physical model test was used to forecast the scouring and silting trends of the lower Yellow River. Based on
water and sediment data from the lower Yellow River during the period from 1960 to 2012, and using a statistical method, this paper analyzed
the sediment transport in sediment-laden flows with different discharges and sediment concentrations in the lower Yellow River. The results
show that rational water-sediment regulation is necessary to avoid silting in the later sediment-retaining period. The combination of
3 000 m3/s < Q < 4 000 m3/s and 20 kg/m3 < S < 60 kg/m3 (where Q is the discharge and S is the sediment concentration) at the Huayuankou
section is considered an optimal combination for equilibrium sediment transport in the lower Yellow River over a long period of time.
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The Yellow River is famous for its sedimentation problem,
which is particularly severe in the lower reaches. After the
Xiaolangdi Reservoir was completed, water-sediment regula-
tion was carried out in the lower Yellow River. It has been seen
that water-sediment regulation has huge potentialities (Chen
et al., 2012; Han and Guan, 2009; Han, 2009; Li, 2004; Li and
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creativecommons.org/licenses/by-nc-nd/4.0/).Many scholars have studied the sedimentation problem of
the lower Yellow River based on water-sediment regulation.
Hu et al. (2012) concluded that, through water-sediment
regulation, the shrinkage of channels can be prevented, and the
medium-sized main channel can be shaped and maintained. Fu
et al. (2010) found that an incoming sediment coefficient of
0.003 and a sediment delivery ratio of 2 might be a threshold
for distinguishing the characteristics of sediment transport in
the lower Yellow River. Han (2004, 2008) analyzed the erosion
and siltation laws for the lower Yellow River in the water-
sediment regulation period. The critical conditions between
erosion and siltation in the lower Yellow River were provided
by Liu et al. (2000), and Liang et al. (2003, 2004, 2005a,
2005b). Xu (2010) determined the erosion-siltation thresholds
for the lower Yellow River in different periods.
Most of these studies were based on balanced sediment
transport. However, it is difficult to achieve balanced sediment
transport because of the complicated relationships among
sediment transport, the amount of scouring and silting, theThis is an open access article under the CC BY-NC-ND license (http://
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conditions. Moreover, balance is relative in nature, and
imbalance is absolute. Thus, equilibrium sediment transport is
more feasible than balanced sediment transport in the lower
Yellow River (Han, 2011; Peng, 2011). In the condition of
equilibrium sediment transport, the variations of scouring and
silting are not significant (<10%) over a short period of time,
and balanced sediment transport can be achieved over a long
period of time. Han (2011) has proven that the annual sedi-
ment transport capacity of a braided reach and a meandering
reach in the lower Yellow River is approximately at equilib-
rium under the condition of no overflow, without considering
hyper-concentrated flow and discharge decrease from up-
stream to downstream.
After an initial sediment-retaining period, the Xiaolangdi
Reservoir has entered the later sediment-retaining period, and
new sediment transport phenomena and channel re-establish-
ing behaviors are appearing. Thus, the important questions are,
under what water-sediment conditions can the channel of the
lower Yellow River develop toward an equilibrium state, and
how can this condition be achieved by a water-sediment
regulation system? The answers to these questions will
significantly help to solve the problems of silting and flood
control of the lower Yellow River.
In this study, a physical model test was conducted to
forecast the scouring and silting trends of the lower Yellow
River. Also, in order to find the controllable relation between
runoff and sediment in which equilibrium sediment transport
can be achieved in the lower Yellow River in the later sedi-
ment-retaining period, the statistical method was used to
analyze the sediment transport process with different dis-
charges and sediment concentrations on the basis of water and
sediment data from the lower Yellow River during the period
from 1960 to 2012.
2. Materials and methods2.1. Physical modelA physical model from the Xiaolangdi Reservoir to the
Taochengpu section was built to study the fluvial process in
different sediment-retaining periods of the XiaolangdiTable 1
Main model scales.
Scale name Model scale Re
Horizontal scale lL 600 De
Vertical scale lH 60 De
Geometry deformation Dt 10 Dt
Velocity scale lV 7.75 lV
Roughness scale ln 0.626 ln
Time scale of flow movement lt1 77.5 lt1
Sediment diffusion scale lu 1.38 lu
Grain size scale ld 0.81 ld
Sediment concentration scale ls 1.8 ls
Time scale of riverbed deformation lt2 83 lt2
Note: lR is the hydraulic radius scale, lJ is the hydraulic gradient scale, lgsg is th
carrying capacity scale, and lg0 is the dry weight scale of sediment.Reservoir. Its length was about 800 m, and its width was about
36 m. The main model scales are shown in Table 1.
After the model was built, verification tests were conducted
using data from 1982, 1963, and 2001. The correctness of all
the scales and the similarity laws was proven in the verifica-
tion tests. The reliability of the physical model was verified
with the 2008 flood routing test in the lower Yellow River, the
river regulation test of the braided reach of the lower Yellow
River, and the fluvial process test in the initial sediment-
retaining period of the Xiaolangdi Reservoir.
In order to forecast the evolution trend of the lower Yellow
River in the later sediment-retaining period, the flow and
sediment processes, which were designed using actual data
from 1990 to 1999 and from 1956 to 1960, were used in the
model. Compared with the flow and sediment processes in the
initial sediment-retaining period of the Xiaolangdi Reservoir,
the actual data from 1990 to 1999 and from 1956 to 1960 show
a similar annual average water inflow, and a large increase in
the incoming sediment amount. Thus, it is feasible to design
flow and sediment processes using the actual data from 1990
to 1999 and from 1956 to 1960.2.2. Measured data and methodsMeasured data from the Huayuankou, Jiahetan, Gaocun,
Aishan, and Lijin sections along the lower Yellow River during
the period from1960 to 2012were used in this study. All the data
were observed under the condition that the discharge and sedi-
ment concentration did not show a large change (<20%) over
3e5 days, with no overflow and no hyper-concentrated flow, and
with an average discharge of more than 1 000 m3/s.
Based on channel pattern and length, the lower Yellow
River was divided into four reaches: Huayuankou-Jiahetan,
Jiahetan-Gaocun, Gaocun-Aishan, and Aishan-Lijin. The rea-
ches from Huayuankou to Jiahetan and Jiahetan to Gaocun are
braided reaches. There are broad beaches and the channel is
wide and shallow in the braided reaches. In these two reaches,
serious erosion and siltation occur in the channel and the main
channel continually wanders. The reach from Gaocun to
Aishan is a transitional reach, where the width and wandering
ranges decrease, and the stability of the main channel in-
creases. The reach from Aishan to Lijin is a meandering reach,mark
termined according to the site conditions and test requirements
termined based on the geometry deformation limit condition
¼ lL/lH
¼ l1=2H
¼ l2=3R l-1V l1=2J
¼ lL=lV
¼ lVðlH=lLÞ3=4
¼ ðlVlu=lgsgÞ1=2, slightly adjusted according to water temperature variation
¼ ls*, determined with the verification test
¼ lg0lL=ðlslVÞ, determined with the verification test
e scale of weight difference between sediment and water, ls* is the sediment
Fig. 1. Sketch of lower Yellow River.
80 Shao-lei Guo et al. / Water Science and Engineering 2015, 8(1): 78e84where the river regime is stable and the channel is narrow and
deep. Fig. 1 is a sketch of the lower Yellow River.
During the analysis, data from the Huayuankou section were
selected initially. Then, other sections' data were selected based
on the flow velocity. The cross-section method, which is based
on the cross-section data, was used to calculate the amount of
erosion and siltation. In order to study the erosion and siltation
laws, the statistical method was used to analyze the sediment
transport in sediment-laden flows with different discharges and
sediment concentrations in the lower Yellow River.
3. Results and discussion3.1. Forecast of scouring and silting trends in later
sediment-retaining period of Xiaolangdi Reservoir
based on physical model experimentThe distance from Tiexie to Taochengpu is 430.5 km. The
experimental results regarding the amount of scouring and
silting obtained from the physical model test during the
designed water and sediment processes are shown in Table 2
and Fig. 2. It can be seen from Table 2 and Fig. 2 that the
amount of scouring increased from Tiexie to Huayuankou.
There are two reasons: First, some river training works, which
decrease the wandering range of the channel, were built be-
tween Tiexie and Huayuankou. Second, the conveyance ca-
pacity of the main channel increased and the overflow
decreased in the reach from Tiexie to Huayuankou in the later
sediment-retaining period of the Xiaolangdi Reservoir, as a
result of low-concentration sediment-laden flow scouring theTable 2
Amount of scouring and silting obtained from physical model test.
Reach DWS1 (10
8 t) DWS2 (10
8 t) DWS3 (10
8 t) K (%)
Tiexie-Huayuankou 1.937 0.001 1.938 10.03
Huayuankou-Jiahetan 2.408 0.841 3.249 16.81
Jiahetan-Gaocun 2.549 4.674 7.223 37.37
Gaocun-Sunkou 2.263 7.457 9.720 50.29
Sunkou-Taochengpu 0.300 0.774 1.074 5.56
Total 5.583 13.745 19.328 100.00
Note: DWS1 is the amount of scouring and silting of the main channel, DWS2 is
the amount of scouring and silting of the floodplain, DWS3 is the amount of
scouring and silting of the full channel, the negative value of DWS1, DWS2, and
DWS3 shows the amount of scouring, and K ¼ 100 DWS3=
P
DWS3.main channel in the initial sediment-retaining period of the
Xiaolangdi Reservoir. It also can be seen from Table 2 and
Fig. 2 that the amount of silting increased gradually from
Huayuankou to Taochengpu. Between Huayuankou and Jia-
hetan, river training works were also built, and overflow was
not excessive. Thus, the silting in this reach was not severe.
However, the silting was very severe in the reach from Jia-
hetan to Taochengpu. As shown in Table 2 and Fig. 2, the
amount of silting increased sharply in this reach. That was
because overflow was excessive, there were three large
floodplains, and large quantities of sediment that were carried
by the overflow were deposited on the floodplains.
It can be seen from the analysis that the sediment transport
capacity in the lower Yellow River showed significant variation
upstream and downstream. If the regulation is not appropriate,
silting is inevitable below the Jiahetan section. The difference in
sediment transport capacity between upstream and downstream
should receive attention in the later sediment-retaining period of
the Xiaolangdi Reservoir. Rational water-sediment regulation is
necessary to avoid silting in this period.3.2. Analysis of flow with different sediment
concentrationsAccording to the statistics of the period from 1960 to 2012,
when the sediment concentration was less than 20 kg/m3 and
the discharge was more than 1 000 m3/s at the Huayuankou,Fig. 2. Cumulative amount of scouring and silting obtained from
physical model test.
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were mostly scoured, except for the reach from Aishan to
Lijin, where there was little silting. When the sediment con-
centration at the five sections was between 20 and 30 kg/m3,
the four reaches were mostly scoured, under the condition that
the discharge of each section was more than 2 000 m3/s. When
the sediment concentration at the five sections was between 30
and 40 kg/m3, the four reaches were mostly scoured, under the
condition that the discharge of each section was more than
2 500 m3/s. When the sediment concentration at the five sec-
tions was between 40 and 60 kg/m3, the four reaches were
mostly scoured, under the condition that the discharge of each
section was more than 2 800 m3/s. When the sediment con-
centration at the five sections was between 60 and 80 kg/m3,
the four reaches were mostly silted. When the sediment con-
centration at the five sections was greater than 80 kg/m3, the
four reaches were silted.3.3. Analysis of flow with different discharges
3.3.1. Discharge between 1 000 and 2 000 m3/s
In order to analyze the scouring-silting law in the channel
with different discharges, the scouring-silting rate of each
reach, which is the ratio of the scouring-silting amount to the
incoming sediment amount, was calculated.
Fig. 3 shows the relationship between the scouring-silting
rate and sediment concentration (S ) when the discharge (Q)Fig. 3. Relationship between scouring-silting rate and sediment concentr
2 000 m3/s.was between 1 000 and 2 000 m3/s in the years from 1960 to
2012.
As shown in Fig. 3, the scouring-silting rate of the four
reaches increased with the sediment concentration when the
discharge was between 1 000 and 2 000 m3/s. The scouring-
silting rate of the reach from the Huayuankou to Gaocun
sections was close to 0 when the sediment concentration at the
Huayuankou and Jiahetan sections was about 22 kg/m3. The
scouring-silting rate of the reach from the Gaocun to Lijin
sections was close to 0 when the sediment concentration at the
Gaocun and Aishan sections was about 18 kg/m3.
3.3.2. Discharge between 2 000 and 3 000 m3/s
Fig. 4 shows the relationship between the scouring-silting
rate and sediment concentration when the discharge was be-
tween 2 000 and 3 000 m3/s in the years from 1960 to 2012.
As shown in Fig. 4, the scouring-silting rate of the four
reaches increased with the sediment concentration when the
discharge was between 2 000 and 3 000 m3/s. The scouring-
silting rate of the reach from the Huayuankou to Jiahetan
sections was close to 0 when the sediment concentration
at the Huayuankou section was about 33 kg/m3. The scour-
ing-silting rate of the reach from the Jiahetan to Gaocun
sections was close to 0 when the sediment concentration at
the Jiahetan section was about 35 kg/m3. The scouring-silting
rate of the reach from the Gaocun to Aishan sections was
close to 0 when the sediment concentration at the Gaocunation in lower Yellow River when discharge was between 1 000 and
Fig. 4. Relationship between scouring-silting rate and sediment concentration in lower Yellow River when discharge was between 2 000 and
3 000 m3/s.
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reach from the Aishan to Lijin sections was close to 0 when
the sediment concentration at the Aishan section was about
30 kg/m3.
3.3.3. Discharge between 3 000 and 4 000 m3/s
Fig. 5 shows the relationship between the scouring-silting
rate and sediment concentration when the discharge was be-
tween 3 000 and 4 000 m3/s in the years from 1960 to 2012.
As shown in Fig. 5, the scouring-silting rate of the four
reaches increased with the sediment concentration when the
discharge was between 3 000 and 4 000 m3/s. All the reaches
were being scoured when the sediment concentration was less
than 45 kg/m3.
3.3.4. Discharge between 4 000 and 5 000 m3/s
Fig. 6 shows the relationship between the scouring-silting
rate and sediment concentration when the discharge was
between 4 000 and 5 000 m3/s in the years from 1960 to
2012.
As can been seen in Fig. 6, all the reaches were mostly
scoured when the discharge was more than 4 000 m3/s.
It can be seen in Figs. 3 through 6 that, when the discharge
was low, the ratio of the number of floods that scour the
channel to the total number of statistical floods was higher in
the braided reach than that in the meandering reach. With
increasing discharge, this ratio in the meandering reachincreased gradually and finally exceeded that in the braided
reach. This reflected the difference in sediment carrying ca-
pacity between the braided reach and the meandering reach.
That is mainly due to differences in the channel pattern and
gradient between the braided reach and meandering reach: the
channel of the braided reach is wide and shallow, the channel
of the meandering reach is narrow and deep, and the channel
gradient of the braided reach is larger than that of the
meandering reach. Thus, when the discharge was low, the
sediment carrying capacity of the braided reach was higher
than that of the meandering reach.
The principal problem in the lower Yellow River is low
runoff, too much sediment, and an imbalance between the
amounts of incoming water and sediment. It can be seen from
the analysis that when the discharge and sediment concen-
tration changed in the ranges of 2 000 m3/s < Q < 3 000 m3/s
and 20 kg/m3 < S < 60 kg/m3, respectively, all the reaches
showed little scouring or silting. Thus, the combination of
2 000 m3/s < Q < 3 000 m3/s and 20 kg/m3 < S < 60 kg/m3
was considered an optimal combination for equilibrium sedi-
ment transport in the lower Yellow River over a long period of
time. The variations of scouring and silting displayed a
riverbed adjustment process when the sediment-laden current
flowed from Huayuankou to Lijin. If there was silting up-
stream, the current that flowed downstream had a low sedi-
ment concentration, and less silting and even scouring would
occur downstream. The converse was also true.
Fig. 5. Relationship between scouring-silting rate and sediment concentration in lower Yellow River when discharge was between 3 000 and
4 000 m3/s.
Fig. 6. Relationship between scouring-silting rate and sediment concentration in lower Yellow River when discharge wasbetween 4 000 and
5 000 m3/s.
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Huayuankou section were used as the control condition in
practice. Considering the decrease of the discharge from
Huayuankou to Lijin, if there was enough water, the control
discharge could be increased to 3 000 m3/s < Q < 4 000 m3/s.
In this condition, the four reaches might show scouring or
silting over a short period of time. With mutual adjustment of
the flow and channel over a long period of time, equilibrium
sediment transport can be achieved.
When the Xiaolangdi Reservoir is used to regulate the
discharge and sediment concentration, a single combination
without modification of the discharge and sediment concen-
tration during a long period of time should be avoided,
and the discharge and sediment concentration in the
Huayuankou section should change within the ranges of
3 000 m3/s < Q < 4 000 m3/s and 20 kg/m3 < S < 60 kg/m3,
respectively, so that the equilibrium sediment transport can be
achieved.
4. Conclusions
(1) Analysis of the model test results shows that the sedi-
ment transport capacity difference between upstream and
downstream reaches of the lower Yellow River should receive
attention in the later sediment-retaining period of the Xiao-
langdi Reservoir. Rational water-sediment regulation is
necessary to avoid silting in this period.
(2) The findings show that equilibrium sediment transport is
feasible in the lower Yellow River. The combination of
3 000 m3/s < Q < 4 000 m3/s and 20 kg/m3 < S < 60 kg/m3 at
the Huayuankou section is considered an optical combination
for equilibrium sediment transport in the lower Yellow River
over a long period of time.
(3) Another way to prevent silting in the lower Yellow
River is to use the overflow. If the overflow can be controlled
and allowed to flow into the floodplains at the right time, the
sediment carried by the overflow can be deposited in the
floodplains and flow that carries little sediment will flow back
to the main channel. Thus, the main channel will have less
silting and even scouring. This requires further study.References
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